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Executive Summary

Introduction

Zion National Park (ZNP) in southwestern Utah has experienced substantial growth in visitors over the
last two decades. To reduce environmental impact and improve visitor experience, National Park Service
(NPS) staff undertook the planning and development of a new Visitor Center Complex and an alternative
transportation system with the gateway community of Springdale. NPS staff wanted their new complex
to complement the natural beauty of ZNP and had a strong design goal of minimizing energy and
environmental impact. To help achieve their energy goals, the NPS requested technical support from the
National Renewable Energy Laboratory’s (NREL’s) Center for Buildings and Thermal Systems. The
collaboration between the NPS and NREL lasted throughout the duration of the project from predesign
through postoccupancy. The result was a building with 67% less energy costs than a comparable building
that just meets the applicable energy code. In addition, construction costs were similar to comparable
conventional visitor center building in a national park. The facility opened in May 2000 and includes an
8,800-ft* (817-m?) Visitor Center (with interpretative displays, offices, and retail space for the Zion
Natural History Association and a 2,756-ft* (256-m”) Comfort Station (restrooms). This Visitor Center
Complex is an example of a high-performance building that demonstrates what is possible when an
aggressive approach is used for achieving extraordinary levels of energy efficiency. Energy features of
the building include: passive direct evaporative cooling, natural ventilation, external shading devices and
glazing designed for solar load avoidance in summer and passive solar gain in winter, thermal mass sized
for the direct gain system, noncirculating Trombe wall, daylighting, photovoltaic uninterruptible power,
and digital controls to integrate energy operations.

Research Goals and Approach

This report is part of a series of six case studies to develop, document, analyze, and evaluate the processes
by which highly energy-efticient buildings can be reliably produced. In this project, NREL was able to
test the 10-step low-energy design process that we had previously developed and are continuing to refine
(Torcellini et. al. 1999). This process covers predesign through postoccupancy, relies heavily on building
energy simulation, and also includes other important qualitative and quantitative features such as design
charrettes with all members of the design team, and the establishment of energy goals through the use of
computer modeling. It would not have been possible for NREL to conduct this research without close
collaboration with real building design and construction projects. It is not practical to use classical
controlled repeatable experimental techniques for objects as large and complex as commercial buildings,
and for design and construction processes that of necessity involve so many different players over an
extended period.

Specifically, the objectives of this project were to:
e cvaluate the low-energy design process as applied to the Visitor Center Complex,

e use careful metering, submetering, and simulation techniques to evaluate the whole-building
energy performance during normal operation and determine if the original low-energy design
goals were met,

e determine lessons learned from designing, constructing, operating, and monitoring the Visitor
Center Complex for use in future projects, and

e investigate opportunities for improving the operating performance of the Visitor Center Complex.
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For its energy performance analysis, NREL collected detailed monitoring data from the Building
Automation System in each building. In addition to monitoring, researchers had access to the control
system and developed custom algorithms to operate systems. The overall energy savings of the building
indicate the design process was successful. The few shortcomings in the project can be traced to
construction changes that were installed before they could be analyzed or to design changes that occurred
without the opportunity for proper analysis by the NREL energy specialists.

Energy Design Concepts

Part of the success of the project was a commitment to climate-sensitive design starting in the predesign
stage. The initial predesign activities included a set of on-site charrettes that allowed the design team to
become familiar with the unique terrain and climate features of the site. It was apparent from the site visit
that the local microclimate provided many ideas for the design concepts that could be used to provide
comfort in and around the visitor center. The Virgin River canyon controlled many aspects of the
microclimate. The narrow canyon walls, splashing water, and vegetation at the riverbanks provided shade
and evaporatively cooled air in sharp relief to the aridness and extreme heat. In some places, seeps wetted
the canyon walls, creating a cooling effect. In other places, the seeps nourished blooms of wet moss that
behave much as the wetted media in a commercial evaporative cooler. The overall geometry of the
canyon, which was deep and narrow up-river of the site and widened progressively in the down-river
direction, created a diurnal chimney effect with up canyon winds from about noon to midnight and down
canyon winds from midnight to noon. The lighting in the narrow parts of the canyon was diffuse with a
pleasant contrast ratio and without the unpleasant impact of the direct sun. A winter visit was also
informative with solar heating of exposed canyon mass surfaces often adequate to provide outside
comfort during the day.

Thus were born many of the overall energy, lighting and human comfort architectural design concepts for
the complex. These are summarized as follows:

e Create a shaded microclimate around the buildings in summer and solar exposure in winter with
plantings of deciduous trees and overhead arbors.

e Provide irrigation throughout the space with small irrigation canals similar to the historic ones
found in the canyon. Although not implemented in this project, it is possible to use porous patio
materials to create an evaporatively cooled walking surface.

o Create passive evaporative downdraft cooltowers to cool the building without the need for
blowers or vapor compression equipment.

e Use the diurnal winds to help drive a natural ventilation system and to boost the cooltower’s air
delivery with wind pressure.

e Control automated clerestory windows and the cooltowers with the building automation system
to create an integrated, controllable natural cooling system.

e Specify the thermal and optical properties of glass; size and orient windows and shading devices
to provide diffuse light with minimal solar load in summer, and light and solar heat in winter.

e Use massive building materials on the interior to modulate temperature swings and store solar
heat in winter and cool night air in summer.

e Construct noncirculating Trombe walls on the south face of the buildings for additional passive
heating with a time delay into the late afternoon and evening hours.

e Allow enough south-oriented pitched roof surface to accommodate photovoltaic panels so that
the building can operate effectively and comfortably despite frequent summer power outages.
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Results

NREL compared monitored energy performance results to base-case building energy models using the
same weather files. Our criterion for quantifying performance throughout the project was energy cost.
From November 2001 through October 2002, the annual energy costs for the Visitor Center Complex
were $5,094/yr or $0.43/ft>yr ($4.63/m>yr), net site energy use was 85,000 kWh/yr or 24.7 kBtu/ft*-yr
(280.5 MJ/m*-yr) and source energy intensity was 80 kBtu/ft*-yr (908.5 MJ/m*yr). Photovoltaic panels
produced 7,900 kWh/yr or 8.5% of the total site energy use. The base-case energy model, based on
ASHRAE Standard 90.1, yielded energy costs of $15,250/yr or $1.30/ft>yr ($13.99/m>yr); site energy
use was 241,800 kWh/yr or 70.3 kBtu/ft*-yr (798 MJ/m*yr), translating to a source energy intensity of
227 kBtu/ft*yr (2,580 MJ/m*-yr). This data represents savings (including receptacle loads) of 67% for
energy cost, 62% for site energy, and 65% for source energy (see Figure ES-1 and Table ES-1). When we
implemented controls to reduce demand charges, average daily peak demand in winter declined by almost

50%.
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Figure ES-1 Comparison of base-case model using recorded weather data to
measured energy consumption
Table ES-1 Cost, Site, and Source Energy Summary, Nov. 2001 to Oct. 2002
Cost Site Energy Source Energy
$/ft>yr | Percent | kBtu/fyr | Percent | kBtu/f®yr | Percent
($/m*yr) | Savings | (MJ/m*yr) | Savings | (MJ/m*yr) | Savings
Base-case $1.30 70.3 227
($13.99) o (799) o (2,580) o
67% 62% 65%
As-built $0.43 27.0 80
($4.63) (307) (910)

xiii



The Visitor Center Complex is a combination of office, retail, and service areas. Figure ES-2 compares
measured energy use of the Visitor Center Complex with other types of commercial buildings in the
western United States (EIA 2002), with the Visitor Center Complex energy use equivalent to a
warehouse.
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Figure ES-2 1999 Western U.S. site energy intensity by building type, with ZNP
Complex average

Our experiences with the Visitor Center Complex project, from early conceptual design through three
years of postoccupancy monitoring, led to the following major conclusions:

e A multiple-use commercial building that includes retail, office, and public assembly spaces can
be constructed to use 65% less energy than an equivalent, minimally code-compliant building.

e The Visitor Center Complex project was successful because:

e The design team set appropriate energy performance goals early in the process and
committed to achieve them.

o The entire design team was involved throughout all phases of the project.

e We used energy simulation models to predict energy performance of options and
alternatives throughout the design process.

e The energy performance of the building was continuously monitored and the information
was used to evaluate and improve the performance.

¢ Building controls can substantially reduce the electrical demand and related charges.
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¢ For the climate and scale of the Visitor Center Complex, it is possible to eliminate mechanical air
systems and use simple localized heating systems to augment passive heating and cooling to
provide occupant thermal comfort.

e Cooltowers can effectively combine direct evaporative cooling and passive natural ventilation
and deliver comfort comparable to mechanical direct evaporative cooling using minimal energy.

e Daylighting can effectively augment electric lighting in retail spaces as well as reducing cooling
loads.

e Solar-electric uninterruptible power systems can add substantial value to buildings in areas with
poor power reliability.

e Visitor Center heating is the largest single end use, with plug loads and lighting the next most
energy intensive loads.

e The building uses very little energy for heating and cooling when the outdoor temperature is
between 60°F and 75°F (15.6°C and 23.9°C).

e Contractors required training on installing energy efficiency and renewable energy technologies
(especially insulation).

e Maintenance staff should be involved throughout the design phase.

e The contractor must be involved as part of the design team, even when a more complex design-
bid-build process is involved.

e Changes in rate structures can change the design decisions and operating strategies.

e Commercial buildings may shift from being cooling dominated to heating dominated because of
low-energy design.

For this project, we evaluated the as-built building energy performance as well as the effect of the low-
energy design process on energy performance. Even though the building performs well overall, we found
it could have performed much better had the low-energy design process been followed more carefully.
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Nomenclature

Commonly used terms in this report are defined below.

Building Automation System (BAS) — the central computer used to control HVAC equipment and
lighting. We also used the BAS to collect most data used in this analysis.

Proposed design — the proposed initial design was an “L” shaped building [7,600 ft* (710 m?)]
with a separate building for restrooms [1,560-ft* (145 m?)]. Exhibits are located outdoors.

Proposed base case — The base-case model corresponding to the proposed design. It is a 7,600-ft*
(710-m?) solar neutral building with a square footprint. It is used as the benchmark to calculate
the potential energy performance savings of the proposed design.

As-built design — the design as modified to reflect changes made during construction. This model
represents the building as it was built, including a separate building for restrooms and outdoor
exhibits to minimize floor area. Schedules are based on actual operation as measured. The
design consists of a Visitor Center and Comfort Station.

Base case — The base-case model corresponding to the as-built design. It is an 11,726-ft* (1090-
m?) solar neutral building with a square footprint used as the benchmark to calculate energy
performance savings. Schedules are the same as the as-built design.

Visitor Center Complex — The three buildings that make up the Visitor Center Complex defined
here as Visitor Center, Comfort Station (public restrooms), and Fee Station. Parking lot lights are
included in the energy use when the Complex is discussed in this report. The Fee Station
building, although not part of the study, is included in the Visitor Center Complex because the
utility meters include power from this building.

Visitor Center — an 8,800-ft* (818-m?) building in the Visitor Center Complex that contains the
bookstore, offices, and NPS ranger contact counters.

Comfort Station — a 2,756-ft* (256-m®) building in the Visitor Center Complex that contains the
restroom facilities

Fee Station — a 170-ft* (15.8-m?) building in the Visitor Center Complex that is used to collect
fees for incoming visitors. This building was not part of the research project and was not
explicitly evaluated. However, the utility meter includes the power from this building.

Energy costs — the cost of energy needed to operate the building. The Visitor Center Complex
only had electricity available at the site. The energy costs include fixed charges, energy use
charges, and demand charges.

Construction costs — the amount of money needed to construct the building.
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1 Introduction

Zion National Park (ZNP) is located in a canyon in southwestern Utah'. The area is arid, only receiving
15 inches of precipitation per year (NPS 2003). The location is characterized by sunny days with low
humidity. During the summer, temperatures can reach 100°F (38°C) or higher. Winters are relatively
mild with only about 3500 base 65 degree-days. In summer, ZNP hosts as many as 3,000 visitors an
hour. To reduce visitor impact on resources and to improve visitor experiences, ZNP undertook the
planning and development of an alternative transportation system with the gateway community of
Springdale. As a part of the transportation system, several visitor facilities were constructed to make up a
Visitor Center Complex that consisted of a small building where Park rangers collected visitor fees, a
retail/interpretive area, and public restrooms. The National Park Service (NPS) decided to pursue an
innovative building for the Visitor Center Complex—one with an aggressive energy reduction goal.
Other important issues to the NPS were that the building:

e Dblended well with the surrounding canyon walls,

e mirrored the existing historic architecture of the park,

e offered continued enjoyment for many generations of people (100 years or longer),
e reduced environmental impact to the surrounding natural environment,

e operated during frequent power outages, and

e presented a model for other NPS facilities.

Although budgetary limits were important, they were considered within the context of a building that had
to be constructed in a remote place and be extremely durable to withstand the heavy pedestrian traffic for
at least 100 years. These requirements are unique to NPS architecture. Nevertheless, some of the energy
design solutions were able to reduce construction costs as discussed in the design section of this report.

NPS worked with the National Renewable Energy Laboratory (NREL) to create the plans for the new
Visitor Center Complex and transportation system. Objectives for NREL’s involvement were established
early in the process. This report documents the results of this work. NREL’s objectives were to:

e cvaluate the low-energy design process as applied to the Zion Visitor Center Complex,

o use careful metering, submetering, and simulation techniques to evaluate the whole-building
energy performance during normal operation and determine if the original low-energy design
goals were met,

e determine lessons learned as a result of designing, operating, and monitoring the Visitor Center
Complex for use in future projects, and

e investigate opportunities for improving the operating performance of the Visitor Center Complex.

The postoccupancy evaluation measured and assessed the energy performance of the Visitor Center
Complex from September 1, 2000 to June 1, 2003. This evaluation was crucial to achieving and verifying
the low-energy design goals. This report presents results from that multiyear performance monitoring.
The new transportation system was not studied as part of the building evaluation.

! National Park Service Web site for Zion National Park: http://www.nps.gov/zion/home.htm



http://www.nps.gov/zion/home.htm

1.1 Energy Use in Commercial Buildings in the United States

In 2001, commercial buildings accounted for approximately 18% of total primary energy consumption in
the United States. The total for all buildings is over one-third of primary energy consumption and 70% of
primary” electricity consumption. Energy use in buildings produces 35% of U.S. and 9% of global carbon
dioxide (CO,) emissions. Electricity consumption in the commercial building sector has doubled during
the last 18 years, and if current growth rates continue, it is expected to increase by another 25% by 2030
(EIA 2002). Reducing site energy consumption in commercial buildings through energy-eftficient and
renewable building technologies would significantly reduce primary energy consumption in the United
States (DOE 2003). Because utility bills are based on site energy consumption, site energy is also a
concern for the building owner or those paying the bills.

1.2 Building Evaluation Scope

NREL selected the ZNP Visitor Center Complex as a technical case study to further the laboratory’s
research of high-performance buildings. NREL, in collaboration with the staff at ZNP, monitored,
evaluated, and documented the energy performance of the Visitor Center Complex and how the design
process helped to achieve this performance. The evaluation covers the period from September 1, 2000 to
June 1, 2003. The evaluation presented in this report focuses on the integration and interactions of the
high-performance building technologies in a whole-building environment, with additional analysis of the
photovoltaic, cooling, and daylighting systems.

1.3 High-Performance Buildings Research Objectives

NREL conducts research for the U.S. Department of Energy’s (DOE) High-Performance Buildings
initiative (HPBi). HPBi evaluates commercial buildings from a whole-building perspective to understand
the impact of integrated design issues on energy use and costs in commercial buildings while improving
other attributes of the building such as occupant satisfaction. Documenting the high performance of
research-level buildings provides evidence that energy-efficient buildings work, helping transform the
marketplace. In addition, documenting common threads and analysis methodologies provides direct
assistance to industry. HPBi’s research objectives are to:

o develop processes for high-performance building design, construction, and operation,

e provide the tools needed to replicate the processes,

e research new technologies for high-performance buildings,

e develop standardized metrics and procedures for measuring building energy performance, and

e measure and document building performance in high-profile examples.

1.4 Report Organization

Section 2 provides background information on commercial building energy performance. Section 3
describes the low-energy design process in general terms along with how that process was applied to the
Visitor Center Complex project. Section 4 describes the building as constructed. Section 5 discusses
methods for determining overall performance of the Visitor Center Complex as it was built and operated.
Section 6 provides in-depth analysis of major building systems. Section 7 lists our recommendations
from lessons learned throughout the project and Section 8 summarizes conclusions from the evaluation of
the Visitor Center Complex.

? Primary electricity is the site electricity plus the distribution and conversion losses at the utility plant.



2 Background

NREL selected the Zion National Park Visitor Center Complex as a research effort because the design
team and building owner were committed to aggressive energy saving goals. The NPS also agreed to
post-occupancy energy monitoring. Although not used directly for comparison purposes, an analysis of
commercial buildings in the United States was performed.

In 2002, the Energy Information Administration (EIA) conducted the Commercial Buildings Energy
Consumption Survey (CBECS), a national survey that collected information about thousands of
commercial buildings in the United States including energy consumption during 1999. Data surveyed
includes building physical and operating characteristics, energy consumption, and energy expenditures for
all types of commercial buildings across U.S. climatic regions. The EIA defines energy intensity as site
energy consumption per square foot of total floor space (EIA 2002). The Visitor Center Complex is a
combination of office, retail, and service and does not directly fit into any specific category of the CBECS
database. See Figure 2-1 for a comparison of energy use and energy costs for a variety of building types
in the Western United States.
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Figure 2-1 1999 Energy Use and Costs by Building Type for Western U.S. (EIA 2002)

ENERGY STAR® performance ratings for commercial buildings can also be used as a basis for building
energy use comparison. An EPA study attempted to recognize the most energy-efficient and cost-
effective commercial buildings in the country (Hicks 2000). The average annual energy use for buildings
in the study was 56.4 kBtu/ft*yr (641 MJ/m*-yr). This average represents buildings of all sizes and
various sectors. A comparison of CBECS and ENERGY STAR are shown in Table 2-1. These structures
tend to be larger office buildings with a total area greater than 50,000 ft* (4645 m?).



Table 2-1 Energy and Cost Intensities by EPA Study

Site Energy Source Energy Energy Cost

Intensity Intensity Intensity

kBtu/ft*-yr kBtu/ft*-yr $/tyr

EPA Study (MJ/m?yr) (MJ/m*-yr) ($/m*yr)
ENERGY STAR Average 56.4 (641) 150.9 (1,714) 1.12 (12.06)
CBECS Adjusted Average 101.1 (1,148) 261.8 (2,973) 1.62 (17.44)
CBECS Adjusted Top 25% 48.2 (547) 113.9 (1,294) 0.81 (8.72)
CBECS Adjusted Bottom 25% 217.0 (2,464) 511.0 (5,803) 2.80 (30.14)

The top CBECS and ENERGY STAR buildings are examples of energy-efficient and cost-effective
commercial structures. Documenting the performance of other commercial buildings provides a reference
for comparing these high-performance facilities. A high-performance building is one that is designed,
built, and operated to use less than one-half the energy of typical buildings.

Many buildings that are designed to be energy efficient do not actually meet these targets. For example, a
recently completed educational building designed to be energy efficient did not initially meet the energy
design expectations (Pless 2004). Postoccupancy evaluation of the building operation identified how this
low-energy building could operate at high-performance levels.



3 Design Process

This section outlines how we used the low-energy design process (located in Appendix A) to integrate
energy efficiency into the Visitor Center Complex. It describes the steps of the design process starting
from the beginning, which is setting energy goals, and continues through brainstorming new design
solutions after initial energy simulation of the base-case building model.

3.1 Rationale for Design

The initial motivation for the design of the new Visitor Center Complex was to resolve transportation
problems within the park. During the summer, more than 3,000 visitors per hour visit ZNP, but only 400
parking spaces were available in the canyon. As a result, problems such as traffic congestion, noise, and
visitor safety concerns were increasing. In addition, the automobiles caused substantial damage to the
canyon’s flora and fauna. Figure 3-1 shows an example of the parking problem. (NPS 1995).

In addition to the new transportation system, new visitor facilities were needed. The old facility had
limited space for interpretive displays to describe ZNP features and wildlife. Furthermore, the restrooms
were unable to handle the increased guest load and the layout of the building was not effective in serving
large crowds. Another issue that influenced the Visitor Center Complex’s design was the NPS desire to
have any new buildings complement the surrounding natural environment to preserve the tranquility of
the area.

Figure 3-1 Summer traffic congestion, traffic back-ups, and parking issues

3.2 Applying the Design Process

The Visitor Center Complex project followed the low-energy design process outlined in Appendix A.
This section describes how the low-energy design process was applied for this project. Note that several
building concepts were created during the application of this design process, see Figure 3-2. The original
conceptual design was an 18,000-ft* building with displays and exhibits located indoors. After conceptual



design, the displays and exhibits were moved outdoors, which enabled us to design a much smaller
building. In addition, the building was split into two buildings, (1) a Visitor Center [7,600 ft* (710 m*)]
and (2) a Comfort Station [1,560 ft* (145 m?)], as shown in Figure 3-2 as the proposed design. The
proposed base case for the proposed design only modeled the Visitor Center. During design, the location
of the building on the site changed, requiring a building redesign. The new design (the as-built design)
consisted of a Visitor Center [8,800 ft* (818 m?)], Comfort Station [2,756 ft* (256 m”)], and a Fee Station
[170 ft* (15.8 m?)]. Details of applying the 10-step low-energy design process are discussed below.

Base-Case Models Current Design
0 18,000 ft*
S (Not Modeled)
Conceptual Design
Comfort Station )
1,560 ft* (Not Modeled) J =
, T [T a0
-
v "5 ;
~ Visitor Outdoor lﬁ T T _ﬂ‘f i iy
2 Center Exhibits | - ET s B
- 7,600 ft? (Not Modeled) | e - ¢t P
Sl S ¢ Skl = S u
.. 2
Proposed Base Case Visitor Center 7,600 ft , o
Comfort Station 1,560 ft
Proposed Design
Outdoor
Exhibits = 7
(Not Modeled) £ '
© Visitor Comfort \ i
» ; o =1 "
& Center2 Statlon2 - | _ -
8,800 ft 2,756 ft r ga=t W=ty
T o EE ]
0T o BRI
Base Case )
Visitor Center 8,800 ft
Comfort Station 2,756 ft*
As-Built Design
v

Figure 3-2 Flowchart of building designs



3.2.1 Step 1: Predesign

Low-energy architecture requires the setting of clear, measurable energy performance goals and tracking
progress toward that goal. Goals provide an energy saving target to achieve and a value to compare
energy performance. For this project, an energy-cost saving goal of 70% was set at the beginning of the
design process and used as an energy saving target throughout the process.

Another important part of predesign is to evaluate the climate in which the building is located. To help
the NPS determine the best design for their new building, a series of design charrettes were held at ZNP.
Participating were ZNP staff, NREL building researchers, and NPS engineers and architects. The
attendees of the charrette spent several days camping in ZNP to gain a better understanding of the
environmental conditions of the canyon, which heavily influenced the design process. During the first
part of the design charrette, NREL and NPS staff observed natural cooling within the canyon that could
easily be adapted to the built environment. A temporary weather station recorded hourly integrated
values of shielded air temperature, relative humidity, global horizontal solar radiation, wind speed, and
wind direction. This data was used to quantify the observations of the design team. These were
important observations for a region where daily high summer temperatures regularly exceed 100°F
(38°C), as shown in Figure 3-3.

It was apparent from the site visit that the local microclimate provided many ideas for the design concepts
that could be used to provide comfort in and around the visitor center. The Virgin River canyon
controlled many aspects of the microclimate. The narrow canyon walls, splashing water, and vegetation
at the riverbanks provided shade and evaporatively cooled air in sharp relief to the aridness and extreme
heat. In some places, seeps wetted the canyon walls, creating a cooling effect. In other places, the seeps
nourished blooms of wet moss that behave much as the wetted media in a commercial evaporative cooler.
The overall geometry of the canyon, which was deep and narrow up-river of the site and widened
progressively in the down-river direction, created a diurnal chimney effect with up canyon winds from
about noon to midnight and down canyon winds from midnight to noon. The lighting in the narrow parts
of the canyon was diffuse with a pleasant contrast ratio and without the unpleasant impact of the direct
sun. A winter visit was also informative with solar heating of exposed canyon mass surfaces often
adequate to provide outside comfort during the day.

Thus were born many of the overall energy, lighting and human comfort architectural design concepts for
the complex. These are summarized as follows:

e Create a shaded microclimate around the buildings in summer and solar exposure in winter with
plantings of deciduous trees and overhead arbors.

e Provide irrigation throughout the space with small irrigation canals similar to the historic ones
found in the canyon. Although not implemented in this project, it is possible to use porous patio
materials to create an evaporatively cooled walking surface.

o Create passive evaporative downdraft cooltowers to cool the building without the need for
blowers or vapor compression equipment.

e Use the diurnal winds to help drive a natural ventilation system and to boost the cooltower’s air
delivery with wind pressure.

e Control automated clerestory windows and the cooltowers with the building automation system
to create an integrated, controllable natural cooling system.

o Specify the thermal and optical properties of glass; size and orient windows and shading devices
to provide diffuse light with minimal solar load in summer, and light and solar heat in winter.

e Use massive building materials on the interior to modulate temperature swings and store solar
heat in winter and cool night air in summer.



e Construct noncirculating Trombe walls on the south face of the buildings for additional passive
heating with a time delay into the late afternoon and evening hours.

e Allow enough south-oriented pitched roof surface to accommodate photovoltaic panels so that
the building can operate effectively and comfortably despite frequent summer power outages.

In addition to borrowing elements from the natural cooling and heating taking place within ZNP, the
design team also evaluated the original program requirements for building size to discover if further
energy saving measures could be incorporated into the design. Because 90% of the total annual visitors
are in ZNP during the hot and dry summer, the design team determined that many of the exhibits could be
moved to permanent areas outside the building. By providing shading and water for visitors and creating
outdoor exhibit areas, the building became smaller, less expensive, and thus, it would require less energy
to operate. Finally, visitors would have access to the displays when the Visitor Center is closed. Overall,
the building footprint was reduced from 18,000 ft* (1,670 m?) to 11,726 ft* (1090 m?).
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Figure 3-3 Typical monthly average daily weather for ZNP

3.2.2 Step 2: Create a base-case building model

At this stage of the project, a base-case model was created for the Visitor Center using DOE-2 simulation
software (Winkelmann et. al. 1993). The software was used to help design elements of the building
related to energy efficiency. This model reflected the floor area equal to the proposed smaller footprint
for the Visitor Center [7,600 ft* (706 m?)].

The theoretical base-case building was developed to provide a starting point for the analysis as well as a
metric against which to measure the energy savings success of the project. It also set the groundwork for
guiding the design process using energy simulation tools. Most of the analysis took place early in the
design process in parallel with the programming and goal setting exercises. The initial base case was
modeled as a square, single-floor building, as shown in Figure 3-4. The model was solar neutral (equal



glazing areas on all orientations) and met the minimum requirements of the Federal Energy Code 10 CFR
435 (DOE 1995) (based on ANSI/ASHRAE/IESNA Standard 90.1-1989 (ASHRAE 1989) with additional
lighting requirements). Based on visitor data from the NPS, the maximum number of occupants was
assumed to be 100, and occupancy schedules were based on typical operation hours of the existing
facility. Outside ventilation air in the base-case model was set at a constant rate during occupied hours
equal to 15 cfim per person. Depending on the zone, lighting levels were set to retail, office, and exhibit
lighting levels with no reduction for daylighting. Table 3-1 summarizes building characteristics used in
the base-case model.

'y

Figure 3-4 Simulated 7,600-ft* (706-m?) base-case model

Table 3-1 Base-Case Model Characteristics
Item Proposed Base Case

Size, ft (m?) 7,600 (706)
Heating System Propane
Cooling System Pac;?ggg%ﬁ%gézrone
Hot-Water System Propane
Wall R-Value, ft*-°F-hr/Btu (m*K/W) 13.9 (2.45)
Window R-Value, ft*-°F-hr/Btu (m*K/W) 0.58 (0.10)
Window-to-Wall Area 30%
Floor Perimeter Insulation (4 ft of vertical
foundation insulation) R-Value, 4(0.7)
ft2-°F-hr/Btu (m*K/W)
Roof R-Value, ft*-°F-hr/Btu (m*K/W) 22.7 (4.00)
Infiltration (ACH) 1
Equipment load, W/t* (W/m®) 0.75 (8.1)
Daylighting No
Overhangs No
Demand Limiting Controls No
Lighting Power Density, Wift? (W/m2)
Office Space 1.4 (15)
Retail and Display Space 2.2 (24)
Restrooms Not Modeled
Outdoor and Parking Lot (W) Not Modeled




The heating and cooling equipment modeled in the initial base-case model represent typical HVAC
equipment complying with the applicable federal energy code. The heating system was modeled as a
propane furnace with 80% annual fuel utilization efficiency. The cooling system was modeled as a
packaged single-zone air conditioner with a coefficient of performance (COP) of 3.0. Many of these
base-case characteristics were based on typical park practice information provided by NPS staff. Local
electric utility rates and propane costs were used in the base-case model to calculate energy costs of the
proposed design and initial base case. Natural gas is not available at the site.

Conventional retail building construction characteristics vary, so it is difficult to justify base-case model
characteristics that do not conform to a universally accepted standard set of criteria. ASHRAE Standard
90.1-1989 is a consensus-based standard that outlines the minimum building energy design requirements.
The Federal Energy Code (10 CFR 435) adopted this industry standard in its entirety along with stricter
lighting requirements. Many municipalities do not require or strictly enforce Standard 90.1 or 10 CFR
435 requirements. Therefore, a building designed to meet 10 CFR 435 is often a better building than
conventional construction in that year. This also provides a standard metric for comparing percent
savings among buildings. The base-case building described in this paper is for energy comparison only.

3.2.3 Step 3: Parametric Analysis

Using the base-case building simulations, we conducted an elimination parametric analysis to evaluate the
effects of specific elements of the Visitor Center. See Table 3-2 for a description of the parametric
simulations. For example, the U-value of the wall, floor, roof, and windows were individually eliminated
(set to near-zero) to simulate zero heat transfer across these components. As shown in Figure 3-5, the
building energy requirements resulting from these simulations showed that daylighting, shading, natural
ventilation, evaporative cooling, and passive solar heating reduced total building energy requirements the
most.

Table 3-2 Parametric Analysis Description
Parametric Alternative Description
Base Case Code minimum as defined in Step 2 above
Daylighting On Daylighting enabled in simulation
No Internal Gains Remove all receptacles, lighting, and occupants
No Window Conduction | No conduction across windows (R-99)
No Wall Conduction No conduction through walls (R-99)
No Roof Conduction No conduction through roof (R-99)
No Floor Conduction No conduction through floor slabs (R-99)
No Infiltration No uncontrolled outside air
No Sun (SHGC =0) No solar heat gain through windows
5x Internal Mass Five times more thermal capacitance
25x Internal Mass Twenty five times more thermal capacitance
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Figure 3-5 Parametric analysis results

3.2.4 Step 4: Design Solutions to Reduce Energy Consumption

The parametric analysis showed that cooling is a significant part of the building’s total energy loads.
Eliminating solar gains (“no sun” parametric) produced the greatest reduction in the cooling load. This
observation helped the design team focus on developing strategies that reduce solar gain. Reducing large
internal heat gains produced from lighting also reduced the cooling loads. As a result, the design team
incorporated daylighting strategies and used a daylighting design that avoids excessive solar gains during
the cooling season. The daylighting design allowed fewer and more efficient lights to be installed, which
decreased the overall internal loads.

The building envelope design minimizes summer solar gains with window overhangs and reduces electric
lighting loads with large south-facing windows that allow more natural light to enter the building (see
Figure 3-6). However, the building envelope design did not offset the entire cooling load. Next, natural
ventilation cooling was integrated with the daylighting design—automatic window actuators were added
to the clerestory windows. For more information on the natural ventilation system, see Section 4.4. The
remaining cooling loads were met by the evaporative cooltower system discussed below.
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Figure 3-6 Diagram of energy design solutions for the Visitor Center Complex

The parametric analysis showed that by eliminating solar gains (’no sun” parametric), building heating
loads would increase. Winter solar gains help reduce heating loads. The resulting design solution
incorporated direct solar gain through the clerestory windows and a Trombe wall along the entire south
face of the building; see Section 4.4.1 for more details on the Trombe Wall. A properly sized overhang
allows the low winter sun to heat the Trombe wall, while shading it in the summer when the sun is higher
in the sky, thereby decreasing the cooling load. We designed the overhangs for south-facing windows to
allow direct solar gain in the winter and eliminate summer solar gains. To maximize solar gains through
south-facing windows, we specified a high SHGC glazing. Because it is difficult to shade west-facing
windows, we specified all west-facing glass with low SHGCs. Finally, the parametric analysis showed
that by eliminating window conduction, we could minimize the heating load. This leads to the conclusion
that we should minimize glass area except for daylighting and passive heating purposes. We determined
window properties by running simulations with different predefined window constructions. Because
window SHGC and U-Value are interconnected, we selected windows that matched closest to the
simulated specifications.

3.2.5 Step 5: Simulate Performance of Design Solutions

We used computer simulations to quantitatively evaluate the effectiveness of the various strategies for
reducing loads and using natural heat flows available in the canyon. We first carefully studied those
strategies that affected building architecture in preparation for the next design process step.

Based on our analysis, we had the following recommendations:

e Minimize east and west glass. West glass should have a low SHGC. North glass should be used
for daylighting only.

o Use north, west, and east glass with lowest possible U-values.

o Use Trombe walls to provide passive solar heat without adding glare to the space. (Trombe
walls delay heat gain into the buildings to the early evening when it can be best used.)

e Use extensive daylighting to reduce lighting energy and reduce internal energy loads from the
lights.

12



e Use reasonable levels of insulation, meeting or exceeding the requirements of 10 CFR 435.
e Use overhangs to block summer sun from south-facing windows.

e Use natural ventilation together with evaporative cooling to meet the remaining cooling loads.

3.2.6 Step 6: Conceptual Design

During this stage of design, energy-efficient strategies were incorporated into the architectural design.
For example, the original building envelope concept included the use of tall architectural elements to
unify the building with the surrounding canyon walls. The team evaluated the use of downdraft
cooltowers for the cooling system as one means of introducing a tall element into the architectural
scheme. Cooltowers, while similar to direct evaporative coolers, do not use fans. Original plans called
for five cooltowers located at the building corners. This not only met the architectural needs of the
building, but also provided benefits for energy performance.

Further cooling was achieved by strategically placing operable windows to promote natural ventilation
and passively move cool air through the space.

Through careful design of shading devices to minimize the solar gains, all cooling loads could be met
with natural ventilation and the cooltowers. The only mechanical input to the cooling system is a pump
used to circulate water through the evaporative media. The cooling system meets all summer ventilation
requirements as well. During the winter, ventilation requirements are lower because of fewer visitors and
can be met by infiltration through the building envelope as well as people entering and leaving the
building.

During the winter, a Trombe wall provides most of the building heating. As with the cooling system
design, simulations were used to optimize the envelope for winter performance. After the envelope was
designed, the remaining heating, cooling, and lighting loads were studied and a small heating load
remained. In the initial proposed design, the building was heated using propane. The initial concept was
to use a propane fireplace that would serve as an architectural amenity as well as the heating system for
the building.

At this point in the process, the design team investigated the potential impact of incorporating a
photovoltaic (PV) system into the roof for electrical power. The design team provided the option to use
PV in the future by designing a south-facing roof that was sloped to maximize the production of
electricity. In addition, conduit to the roof and mounting brackets were added to the base building plan.
Although not quantified, NPS personnel were concerned about the poor power reliability at the park. A
UPS (uninterruptible power supply) was included in the original plan for the building electrical system.
By specifying an inverter for this system that could handle the direct current input from a PV system, the
UPS requested by the program could be PV powered. The UPS batteries were designed to deliver 2 hours
of power without any PV. Using 3.6 kW of PV allowed the system to operate as long as there is sun.
Space for an additional 3.6 kW of PV was allocated on the roof. This system was designed to be directly
grid-tied.

Overall, observations from Step 1 of the design process helped clarify understanding of the natural
environment in which the building would be located and prompted a careful analysis of the programmatic
needs of the building. Daylighting, natural ventilation, evaporative cooling, minimizing summer solar
gains with building shape and envelope features, massive building materials to stabilize indoor
temperatures, passive solar heating, and siting with relation to mature trees and newly constructed outdoor
shade structures were all part of the integrated building design. A roof-mounted PV array further reduces
the building’s environmental impact. The resulting proposed design floor plan and southern elevation are
shown in Figure 3-7 and Figure 3-8.
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SOUTH ELEVETAON

Figure 3-7 Initial proposed design of the Visitor Center

Figure 3-8 Conceptual design floor plan for Visitor Center and Comfort Station
(Step 6)

Step 6 resulted in the following design decisions related to energy impacts:

o The south roof slope should accommodate a future PV system. The electrical system should
accommodate PV to be used in conjunction with a UPS system. The primary purpose for the PV
system was to meet minimum building operation requirements. Additionally, electricity would
serve building electrical needs whenever utility power was available.

e Cooling loads would be handled by cooltowers. The building interior would be designed to
accommodate this technology by using operable high windows, natural ventilation, and open
spaces with good airflow between the spaces.
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e Because the cooltowers use little energy, use them to cool the building as well as some outdoor
locations as well. Encourage interpretation in these areas with exhibits and staff as “outdoor
rooms,” because people come to ZNP to spend time outside, not inside a building.

e Provide heating with a propane-powered fireplace to provide amenity and eliminate the central
heating system. This eliminates the mechanical room.

The conceptual design for the Visitor Center is an example of how architectural features can enhance the
energy performance as well as give the building a unique aesthetic style. In the Visitor Center, the
building’s window overhangs, clerestories, roofline, massive building materials, and other architectural
features all contribute to the building’s improved energy performance. Computer simulations allowed
engineers to create an envelope that serves to function as most of the HVAC system.

3.2.7 Step 7: Design Development

The Visitor Center Complex comprised the main center (Visitor Center) and a separate restroom building
(Comfort Station). The two buildings operated independently in terms of energy. The main interest for
design development was to determine the savings of just the main Visitor Center. Therefore, we used an
independently-zoned model to simulate only the main Visitor Center.

Heating in the proposed design was provided by using direct solar gain through south-facing windows as
well as a Trombe wall. The design also included using clerestories to increase daylighting. The
daylighting design was expected to fulfill most of the daytime lighting requirements.

The remaining electrical demand was small. Therefore, the roof was designed to accommodate a 7.2-kW
PV system that could offset approximately 30% of the annual electrical load. In addition, the PV system
is capable of meeting all functional requirements of the building during a daytime power outage—the
cash registers, security system, BAS, cooltower pumps, and other essential equipment. The daylighting
design was expected to be sufficient to maintain operational lighting levels during a power outage.

At the end of design development, energy cost savings were approximately 80% as compared to the
7,600-ft* (706-m”) base case. This was based on proposed design simulation models of the 7,600-ft*
(706-m?) Visitor Center (not including the Comfort Station). The energy cost savings are shown in
Figure 3-9, with corresponding cost and site energy savings data shown in Table 3-3 and Table 3-4.
These savings do not include savings from the PV system. The proposed design model is shown in
Figure 3-10.

DHW  7,600-ft> Base Case 7,600-ft> Conceptual Design
. 3%
Heating Ventilation Ventilation Fans  Cooling/Pumps
3% Fans 1%
Plug Loads 17% Lighting
6% 4%
Plug Loads

/6%
Heating
2%

Cooling/Pumps  cost Savings

0,
Lighting 26% 80%
45% DHW
2%
Figure 3-9 Simulated energy cost savings of base-case building compared to

conceptual design (excluding the PV system)
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Table 3-3

Energy Use by End-Use

Base | Proposed
End Use Case DeF;ign SP:\I;T:Q;
(kWh) (kWh)
Heating' 12,143 9,569 21.2%
Cooling 35,492 893 97.5%
Ventilation Fans 40,800 8,901 78.2%
Domestic Hot Water' 13,850 9,653 30.3%
Lighting 79,337 8,489 89.3%
Plug Loads 14,216 14,216 0.0%
Total Energy 195,838 51,721 73.6%

'27.98 kWh/Gal LPG [95,475 Btu/Gal LPG (7.39 kWhlliter)]

Table 3-4 Energy Cost Savings by End-Use

= dlEas
Heating $312 $246 21.2%
Cooling $2,743 $97 96.5%
Ventilation Fans $1,767 $479 72.9%
Domestic Hot Water $357 $246 31.1%
Lighting $4,567 $418 90.9%
Plug Loads $662 $662 0.0%
Total Cost $10,408 $2,148 79.4%

Figure 3-10 DOE-2 proposed design model

16




The largest end use savings was the lighting. Design savings are based on using daylighting and lighting
design. With the daylighting system, the lighting needs could be met with 0.75 W/ft* (8.1 W/m®).
Because of contrast ratios from inside to outside, lower light power densities can be used in daylit spaces.
Typically, at night, less lighting is needed to make a space feel visually comfortable. In addition, most of
the lights are expected to be off during the day. For a standard space of similar use, the code allows 2.2
W/ft* (24 W/m®). Reducing the lighting also reduced the cooling requirements.

The Comfort Station was designed in a similar fashion. Two cooltowers were specified in the proposed
design for cooling the space. A Trombe wall was provided at the south facade for heating, while daylight
from clerestories provided all the necessary daytime lighting.

Project Redesign

Part way through the design development process step, the building site changed. A new plan was
developed to situate the structure on the east side of the river. The entrance to the building was relocated
to the north side to facilitate pedestrian flow through the Visitor Center Complex within the new site,
which allowed the south facade to be unobstructed and increase passive solar gains. For building layout,
the offices and break room were moved to the south side of the building. The number of cooltowers was
reduced to three including the one for the Comfort Station because the building engineer concluded that
there would be sufficient airflow with fewer towers. For architectural reasons, the amount of north and
west glass increased, although the tree canopy and building shading keep these surfaces shaded most of
the summer. Finally, the outdoor cooltower was removed, with the two cooltowers being expected to
condition both inside and outside spaces. A study indicated that the cost of propane in Springdale would
exceed that of electric resistance heating. This prompted conversion of the building to an all-electric one,
eliminating the fuel storage from the site. However, this determination is contingent upon restricting use
of resistance heating during only those nighttime periods when additional demand charges are not
imposed. To complement heat obtained from the Trombe wall, electric radiant panels were installed in
the ceiling on twelve zones. The cost of zoning the spaces was minimal and provided for control
flexibility in controlling building demand. The result was an HVAC system requiring no ductwork or
mechanical spaces—saving money and allowing for uncluttered ceiling spaces.

Transfer fans (from the offices to the main space) were installed to pull air from the main space to the
offices. Transfer grilles were installed between the break room and the main space to cool the break room
and offices. After the building was operated for a year, fans were added to these transfer grills to
augment the natural ventilation.

The building was not resimulated as instructed in the ten-step design process, which will be detailed in the
design critique section. The design team carefully reviewed all drawings and documents to ensure that
the altered design intent was clear and minimized any possible errors or misinterpretation of the design
during construction. The creation of the base cases and redesigns are detailed in Section 5.3.2.

3.2.8 Step 8: Bid Documents and Specifications

An “as-designed” computer simulation was not done of the building at this step, but several items in the
plans were checked. These include thermal bridging, control sequences, lighting layouts (compatibility
with daylighting system verified), window specifications, and foundation insulation. Window

specifications were critical because different windows types were to be installed on the various facades.

3.2.9 Step 9: Construction

Although the design was entirely done by the NPS, the role of implementing the plans on behalf of the
NPS was contracted to Post, Buckley, Schuh, and Jernigan, Inc. (PBS&J). A construction manager was
assigned to the project to ensure that the building was built according to plan. The construction contract
was awarded to Bud Mahas Construction from Salt Lake City.
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As is typical for construction management, the management can identify problems with areas of their
expertise. From a construction management point of view, the most important aspect of the building is
the structural integrity of the building. Expertise in thermal envelopes and energy equipment was
considered second tier. Shop drawings, color palettes, and equipment selection were approved by NPS,
Denver Service Center personnel. In addition, NREL staff visited the site several times with the focus of
ensuring energy aspects were implemented properly. The impacts of these issues will be discussed in later
sections.

In general, the buildings were built according to plan. Several issues did surface including:
e Window glazing specifications were not followed
o The interface between cooltower shutter doors and the BAS were problematic
o The interface between the windows and the BAS were problematic
e The lighting sequencing and zoning did not match the plans
e The metering in the Comfort Station was not compatible with the electrical configuration.

In addition, NREL found several areas where insulation was missing. These areas were corrected as the
building progressed. The most notable was extensive damage to the exterior foundation insulation prior
to backfilling.

In general, there was good communication between the design team, the construction manager, and the
general contractor.

3.2.10 Step 10: Commissioning and Postoccupancy Evaluation

There was no formal commissioning of the building’s energy features. Lighting was verified to be
working as well as basic operation. No formal comparison of the design intent with the as-built building
was done.

NREL installed monitoring equipment shortly after occupancy of the building. Through this monitoring,
several problem areas were identified. NREL worked with Zion staff to correct as many of these issues as
possible. It is a typical problem that buildings are not formally commissioned and the owner is left to
correct problems.

The process of NREL interacting with Zion staff also provided the opportunity to transfer knowledge of
the design intent to the people operating and maintaining the building. Results of the commissioning and
postoccupancy will be discussed with further detail in the evaluation section.

3.3 Energy Design Process Evaluation

The first segment of the evaluation assessed the design process itself through a design team questionnaire
and round table session. This assessment was used to capture data related to the type of communication
and commitment during the design process.

3.3.1 Energy Design Process Questionnaire Methods

The goal of the energy design process evaluation was to carry out a systematic assessment of the
performance of the design team after completion of the project. A questionnaire and round table session
were used to gather information from the design team. These methods were used to capture data related
to the 10-step low-energy design process work discussed in Appendix A. This procedure also helped to
identify possible problem areas within the process between the energy consultant, building owner,
architect, engineer, and building user.

18



The first step of the evaluation involved preparing a questionnaire to survey all the design team members.
The second step involved developing a structured interview (round table session) to help validate the
questionnaire. Note that the structured interview was administered after collection of the questionnaire.

Together, the questionnaire and survey provided the information to:
o cstablish if the energy design goals were actually achieved,
o identify problematic design processes,
o identify areas of the design process that worked,
o identify design aspects for long-term research and investigation,
e institute corrective actions, and

o determine the level of commitment and understanding amongst team members that is needed for a
successful low-energy building.

The end goal of this evaluation was to obtain feedback from the design team to improve the design
process in the future.

After the questionnaire and structured interview had both been administered, the submissions were
analyzed, with the resulting design process analysis discussed in Section 3.4.2. The questionnaire was
issued after completion of the final design, but before the construction was completed. The questionnaire,
as shown in Appendix B, was issued to everyone involved in the design process, including the architect,
landscape architect, mechanical engineer, electrical engineer, and design project manager.

Results obtained from the questionnaire were also used to establish the presence of either communication
problems or where specific design team members had difficulty understanding technical issues.
Specifically, a communication problem exists when design team members have trouble making their ideas
clear to other team members (either in writing or during discussions). A technical problem exists when a
technology was not properly implemented by the design team. This data can then be analyzed in
conjunction with the 10-step process to determine if this breakdown had an overall affect on the success
of the design implementation.

The purpose of the round table meeting was to bring together the design team members to discuss issues
related to the design process. This qualitative information gathering session included individuals who had
daily impacts on the energy design process. The meeting was used to enhance discussion and to bring up
points that were either forgotten or too difficult to communicate in the questionnaire. Discussions that
took place were related to specific issues in the questionnaire that they wanted to resolve further, or areas
not covered in the questionnaire.

The evaluation team compiled questionnaire results and presented them to the design team. These results
were used to create in-depth questions based on the topics that generated concern. This format allowed
the evaluation team to probe deeper into problems and allowed the interviewees to go into more detail
than normally capable within the allotted space on the questionnaire.

3.3.2 Energy Design Process Questionnaire Results

Results of the questionnaire and meeting are presented below in summary form. Specific comments
about the questionnaire and round table meeting questions are provided in Appendix B. The primary
questionnaire objectives are presented below, with specific responses addressing each issue:

1. Establish whether the energy design goals were actually achieved:

During the design process, before the building was occupied, the architect felt that it was important to
verify whether the facility would operate according to the design intent. Building operation was a
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concern because the design team was aware of a previous NPS project that was designed with similar
intent, but failed in operation. Although the need to verify design goals was emphasized, no
responders actually provided information about how well these goals were achieved. To fully
determine if low-energy goals had been achieved, the measured energy performance was obtained.
This is studied and discussed in further sections.

Identify problematic design processes:

Deviation from traditional expectation and industry norms in materials selection and construction
techniques were at the forefront of problems revealed by the questionnaire and meeting. Some
individuals involved in the design process found it difficult to deviate from standard procedure.
Unconventional building design coupled with the high cost of the cooltowers was initially a cause for
apprehension because similarly designed facilities built previously had failed to 